We studied the effect of ouabain and other inhibitors of the Na-K pump on the pacemaker current (I K ,) in sheep cardiac Purkinje fibers. We found that exposure to ouabain (2 x 10~7 M) caused an apparent decrease in the amplitude of the I K2 activation curve. We also found that a similar effect was caused by exposure to dinitrophenol (DNP) or lithium-substituted Tyrode's solution. Our studies showed that after prolonged (more than 60 minutes) exposure to ouabain a characteristic
current noise appeared and I K , was replaced by an oscillatory inward current (I,, s ). The apparent threshold for I,, s was -5 0 to -6 0 mV and the peak amplitude of this current increased with increasing levels of depolarization positive to threshold. These results suggest that (1) the apparent decrease in 1 K , may be a consequence of ionic redistribution due to Na-K pump inhibition; (2) cardiac glycosides cause abnormal impulse generation by an ionic mechanism separate from I Kl and involving IQS-THE DESIRED thereapeutic inotropic effect of cardiac glycosides is frequently impaired by the tendency of these agents to cause undesirable cardiac arrhythmias. The toxic electrical effects of cardiac glycosides on cardiac Purkinje fibers generally have been attributed to an enhancement of normal spontaneous diastolic depolarization (SDD).'" 3 However, recent experimental evidence suggests that certain toxic electrical effects of cardiac glycosides occur by a mechanism not involving enhancement of SDD. For example, exposure of cardiac Purkinje fibers to acetylstrophanthidin results in the appearance of damped oscillatory afterpotentials at a time when SDD is greatly depressed. 4 Furthermore, whereas normal SDD is usually diminished during rapid stimulation, 5 the SDD recorded from glycoside-poisoned fibers increases during rapid stimulation. 3 ' 4 ' 6 In cardiac Purkinje fibers, a decrease in slow outward potassium current is responsible for SDD. 7 " 9 This current has been designated I K2 and its time-and voltagedependent characteristics have been determined. 89 Because the nature of the toxic electrical effects of cardiac glycosides is not clear, the effect of these agents on I K2 would be of interest. It was found in preliminary studies 10 that exposure to ouabain reduces I K2 in sheep cardiac Purkinje fibers. The present paper extends these observations and the results suggest a possible mechanism by which ouabain inhibits I K2 . Some of these results have been presented in preliminary communications."" 12 
Methods
For all experiments we used the two-microelectrode voltage clamp technique in shortened Purkinje fibers of the sheep. 13 The tissue bath and experimental procedure are described in detail in a previous paper. 14 In brief, the excised Purkinje strands were placed in a tissue bath designed in such a way that each strand was divided into several electrically isolated segments (1.6 mm) less than one DC resting length constant long. The tissue was perfused with modified Tyrode's solution of the following composition in miilimoles per liter: [ In experiments in which dinitrophenol (DNP) (Sigma) was used an appropriate amount was dissolved in a liter of Tyrode's solution to achieve a final concentration of 2 x 10~4 M. In experiments in which ouabain was used, an appropriate volume of injectable ouabain (0.25 mg/ml, Lilly) was added to the perfusing solution to achieve the desired final concentration.
A solid state feedback circuit was used to clamp the membrane potential. One microelectrode placed approximately in the center of the short preparation was used to pass current; a second electrode located toward one end of the preparation was used to measure membrane potential. Current was measured by an operational amplifier connected to an indifferent electrode in the tissue bath.
The usual experimental procedure was as follows: A holding potential of -8 0 mV was imposed on the preparation. Transmembrane potential was changed in various increments by voltage clamp steps lasting about 5-12 seconds. The current corresponding to each voltage step was recorded simultaneously with membrane potential. The current and voltage records were displayed on Tektronix RM 564 and RM 565 oscilloscopes. Photographic records were made by either a Grass C-4 kymograph camera or a Polaroid camera. The majority of records were made on 35-mm film and were analyzed using a microfilm reader that magnified the original image 24 times. The inward leakage current required to maintain the holding potential VOL. 40, No. 5, MAY 1977 of -80 mV was measured frequently during the course of each experiment. The baselines of the current records in this paper do not include the leakage current and therefore do not correspond to zero current. Instead, this leakage current was added to the peak magnitude of the tails of current recorded after return to the holding potential. The magnitude of the tails as a function of clamp potential is used to construct I K2 activation curves (see Results). The leakage current is not time-dependent, therefore adding it to the time-dependent tails of current will affect the location of each activation curve relative to the current axis but will have no affect on the amplitude of the I K2 activation curves. The value of the leakage current can be determined from each activation curve as the current corresponding to -80 mV.
Certain technical and theoretical limitations of the twomicroelectrode voltage clamp technique have been discussed by Johnson and Lieberman. 15 The magnitude of these limitations in our experiments warrants some discussion. First, the error that arises from applying current through a microelectrode that amounts to a point source of current may be considered. The use of a point source of current can introduce three-dimensional changes in current spread not predicted by one-dimensional cable theory at the site of current injection. Eisenberg and Johnson 16 have presented a theoretical solution of the three-dimensional cable equations that can be used to compute the spread of potential under conditions in which two microelectrodes are inserted into a cylindrical cell. According to their analysis, a factor can be derived by which the voltage predicted by one-dimensional theory can be corrected to give the voltage predicted by three-dimensional theory. The magnitude of this correction factor depends on \/a, x/ a, and 6°, where \ = the length constant, a = fiber radius, and x and 6° = the axial distance and circumferential angle, respectively, separating the points within the fiber at which the current is injected and the voltage recorded. In our experiments, X/a = 10, x/a = 2, and 8° = 20-30°. According to Table 2 of Eisenberg and Johnson, 16 the closest correction factor corresponding to our experimental conditions is 1.00; this suggests that, under our experimental conditions, three-dimensional effects due to the point source of current should not produce serious errors in the circumferential displacement of membrane potential.
A second limitation is that it is virtually impossible to achieve uniform control of membrane potential during the first few milliseconds of the clamp when the membrane conductance is high. However, in our experiments the current being studied has a very long time constant (on the order of seconds) and the magnitude of the conductance is relatively small. The lack of control of membrane potential during the first several milliseconds of the clamp is, therefore, not of critical importance in the analysis of the slow K + current, I K2 . Furthermore, it has been previously demonstrated under similar experimental conditions that after the first few milliseconds the control of membrane potential at various locations along a short Purkinje strand is reasonably good. 13 ' 17 It seems reasonable, therefore, to conclude that although the two-microelectrode voltage clamp technique is not ideal, it is adequate for studying a slow, low conductance current such as I K2 . Figure 1 shows typical voltage clamp records obtained from a fiber exposed to ouabain and then allowed to recover. In each panel the lower trace shows the voltage step from -80 to -90 mV and the upper trace shows the current measured during the voltage step. The records in panel A were taken under control conditions and the current record shows a typical gradual increase in inward current that approaches a steady value during the voltage step. The gradual increase in inward current recorded actually represents the time course of deactivation of the slow outward pacemaker current, I K2 , at -90mV. On termination of the voltage clamp step a tail of inward current is recorded. This tail of inward current gradually declines toward the level recorded before the onset of the polarizing clamp. The time course of decline of the inward tail of current actually represents the time course of activation of I K2 at -80 mV.
Results
Panel B shows the voltage clamp records obtained from the same fiber after exposure to ouabain (2 x 10" 7 M) for about 70 minutes. Exposure to ouabain has resulted in the following changes in the current recorded during the clamp step: (1) the current trace shows relatively high frequency noise not present in control records; (2) the time-dependent increase and decline in inward current at the onset and termination of the clamp step apparently are abolished.
The records shown in panel C were obtained after the fiber had been exposed to ouabain-free solution for about 70 minutes. The time-dependent increase and decline in inward current have been restored but a much diminished noise signal remains present on the current trace. Figure 2 shows curves obtained by plotting the peak magnitude of the tails of current recorded on returning to the holding potential (1 T ) as a function of the membrane potential (E M ) to which the fiber was clamped just prior to returning to the holding potential. This type of curve has been called the activation curve for 1 K2 . 9 These data were taken from a complete experiment done on the same fiber that provided the records in Figure 1 . At a given holding potential the total amplitude of each curve is a measure of the current carrying capacity of the I Ka channels in the steady state.
The sigmoid configuration and the amplitude of the control curve are similar to those obtained for \ Ki by Noble and Tsien. 9 The curve obtained after exposure to ouabain for 70 minutes retains its sigmoid configuration but is diminished in amplitude. If a relative amplitude of 1.00 is given to the control curve, the curve obtained after exposure to ouabain has a relative amplitude of 0.20. The decrease in amplitude of the activation curve was at least partially reversible in this experiment after perfusion with ouabain-free solution. Figure 2 shows that the activation curve obtained after the fiber had been perfused for 70 minutes with ouabain-free solution recovered to a relative amplitude of 0.85. Table 1 shows the results of 10 experiments in which the effect of ouabain on I K5 was determined. In some experiments, only partial activation curves were obtainable. In such experiments the amplitude of the activation curves obtained before and after exposure to ouabain were compared over the same range of membrane potential. As determined by the location of the half-maximum amplitude point on the activation curve, no significant shift of the voltage-dependence of the curves was found after exposure to ouabain. However, in some cases the amplitude of the activation curve obtained after exposure to ouabain was diminished so much that a clearly recognized sigmoid shape was not apparent and the half-maximal point could not be measured accurately.
The results in Table 1 show that, in general, the magnitude of the decrease in I Ki depends on the duration of exposure to ouabain and on the value of [K + ] o -It was necessary to use each fiber as its own control because of the intrinsic variability in the sensitivity of individual fibers to the effects of ouabain.
In some fibers exposed to ouabain for prolonged periods (about 60 minutes), an interesting phenomenon was observed. In such fibers, when the membrane potential was clamped to levels positive to about -60 mV, I K2 was not only reduced but was replaced by an oscillatory inward current (I, )S ). The appearance of I^ is shown in Figure 3 . In each panel the lower trace shows the depolarizing voltage step and the upper record shows the current recorded during each corresponding voltage step. Figure 3A and B shows records obtained under control conditions. A slow time-dependent outward current is recorded during the depolarizing voltage step and, on termination of the step, a large tail of outward current is recorded. The tails of outward current are considered to represent the deactivation of I Ks in the steady state. In accord with this view is the single exponential decline of the tails with a time constant on the order of about 3 seconds. 9 ' 18 The records in Figure 3C and D were taken after exposure to ouabain. In contrast to Figure 3A , the current record in Figure 3C shows much less time-dependent out- Concentration of ouabain (mix) 1 X 10" 6 5 x 10" 2 x 10-2 x 10" 2 x 10-2 x 10-2 x 10-2 x 10" 2 x 10-2 x 10-2 x 10-' ward current, and a reduced tail of outward current is recorded on termination of the voltage step. Figure 3D shows that with a larger depolarization there is a timedependent decline in outward current, and on termination of the voltage step the outward tail of current seen in Figure 3B is replaced by L^. The current records obtained after exposure to ouabain show a characteristic noise not seen in the control records. The appearance of current noise was a consistent finding after prolonged exposure to ouabain. In addition, the magnitude of the steady state outward current is decreased after exposure to ouabain. Steady state current-voltage relations obtained after exposure to ouabain were shifted downward and rightward as reported for dihydro-ouabain. 19 The maximum peak-topeak amplitude of L, s recorded from three fibers after exposure to ouabain was analyzed as a function of the preceding voltage clamp step (E M ). From a holding potential of -8 0 mV, the apparent threshold for the appearance of L, s was -60 to -44 mV. For increasingly positive depolarizations above threshold, the peak-to-peak amplitude of Io S became larger. An interesting finding was that I,,; could be evoked by depolarizing voltage steps initiated from a level of membrane potential (-40 mV) at which the rapid Na-carrying system is considered to be completely inactivated. 20 This result suggests that L, s is carried by a greatly altered Na channel or a channel separate from the rapid Na channel. A current similar to L, s has also been recently recorded from Purkinje fibers exposed to strophanthidin. 21 The experimental results presented so far show that exposure to ouabain results in a decrease in the amplitude of I Kj activation curve. This reduction was temporally associated with the appearance of current noise and also a new current, L, s . It seems reasonable to attribute the decrease in the amplitude of the 1 K2 activation curve to a well known specific effect of ouabain, inhibition of the Na-K pump. 22 If this reasoning is correct, then other interventions known to inhibit the Na-K pump should result in a similar reduction in I K2 . Therefore, the effects of inhibitory interventions such as substituting Li + or choline for Na + and exposure to DNP were determined.
The effect of exposure to DNP (2 x 10~* M) on SDD was studied. Control action potentials showed SDD during external stimulation at 1.25 Hz. After exposure to DNP for 20 minutes the fiber depolarized but remained excitable. By applying a small hyperpolarizing current, the fiber was restored to its control level of diastolic potential. Stimulation under these conditions showed that the slope of SDD was reduced and no spontaneous activity was recorded after termination of stimulation. Figure 4 shows typical voltage clamp records obtained from the same fiber that provided the action potentials described above. The lower trace shows a voltage step from -80 to -4 8 mV and the upper trace shows the current measured during the voltage step. The records in Figure 4A were obtained under control conditions and those in Figure 4B after exposure to DNP for 20 minutes. Comparison of these records shows that exposure to DNP diminishes the peak magnitude of the tails of current recorded after termination of the depolarizing voltage clamp step. Figure 5 shows the I K2 activation curves obtained before and after exposure to DNP. The curve obtained after exposure to DNP has a relative amplitude of 0.44 compared to the curve obtained under control conditions. The decrease in the amplitude of the I K2 activation curve after exposure to DNP occurs without a significant shift in the location of the curve on the voltage axis. These results are similar to those obtained after exposure to ouabain (Fig. 2) .
The effect of Li-substituted Tyrode's solution on action potentials recorded during the course of a voltage clamp experiment was determined next. Action potentials were recorded coincident with opening the feedback loop that maintained the holding potential. The action potential recorded under control conditions repolarized to a maximum diastolic value from which it depolarized sponta- neously to a steady resting potential. The action potential recorded about 10 minutes after exposure to Li-substituted Tyrode's did not repolarize to a maximum diastolic value negative to the resting level; instead, repolarization brought the membrane potential to a steady resting level.
The action potential recorded about 10 minutes after reperfusion with Na-Tyrode's solution showed restoration of a small but definite maximum diastolic potential negative to the steady resting potential. This was followed by a small spontaneous depolarization to the resting potential. Figure 6 shows voltage clamp records obtained from the same fiber that provided the action potentials described above. The lower rectangular trace in each panel shows the voltage clamp step from -80 mV to -95 mV. The upper records in each panel show the current corresponding to each voltage step. The current gradually increases to reach a steady value, and on termination of the clamp a tail of inward current is recorded. The records in Figure  6A were obtained under control conditions. (The slow current change is preceded by a brief and much more rapid spike of inward current. The origin of this current is uncertain.) As in Figure 1 , the slowly increasing inward current actually represents deactivation of the slow outward current, I K2 . Also, as in Figure 1 , a tail of inward current is recorded on termination of the hyperpolarizing clamp. Figure 6B shows records obtained about 10 minutes after exposure to Li-substituted Tyrode's solution.
The magnitude of both the slow current change and the tail of current recorded on termination of the hyperpolarizing step are diminished when Na + is replaced by Li + . (As in Figure 6A , the slowly changing inward current is preceded by a much more rapid spike of current.) The total steady state inward current is also increased slightly in the presence of Li-substituted solution. Figure 6C shows that the magnitude of both the slow current change and the inward tail of current are restored after restarting perfusion with Na-Tyrode's solution. The slight increase in steady state inward current persisted and the tail of inward current attained a value slightly larger than that recorded under control conditions. (The rapid spike of inward current seen in Figure 6A and B was not recorded after restarting Na-Tyrode's solution. At the present time, we have no adequate explanation for this phenomenon.) Figure 7 shows the activation curves for I K2 under control conditions, after exposure to Li-Tyrode's solution for about 10 minutes, and after restarting perfusion with Na-Tyrode's solution for about 10 minutes. The relative amplitude of the control activation curve is 1.00. The relative amplitude decreases to 0.52 after exposure to Li-Tyrode's solution. After restarting perfusion with Na-Tyrode's solution, the amplitude of the activation curve recovers to 0.92. As in the experiments with ouabain and DNP, there is no significant shift of the activation curve along the voltage axis. The recovery of amplitude after readmitting Na shows that the channels are not affected in an irreversible fashion.
It was also found that perfusing fibers with cholinesubstituted Tyrode's solution resulted in a reduction in I K2 that was similar to that obtained after exposure to DNP, Li, and ouabain.
Discussion
The results of this study show that the amplitude of the I K2 activation curve is decreased after exposure to ouabain and other agents that inhibit the Na-K pump. An important finding that seemed temporally related to the decrease in the I K2 activation curve was the appearance of Lâ nd current noise in the presence of ouabain. Although the relation between these two effects remains uncertain, the observations suggest some interesting mechanistic possibilities. The reduction in the amplitude of the I K2 activation curve under conditions that inhibit Na-K pump activ- ity could be produced by several possible mechanisms: (1) a shift in the voltage-dependence of I K2 ;
(2) a decrease in the current-carrying capacity of the I K2 channels; (3) a decrease in the outward driving force on K + owing to a decrease in [K + ]j; (4) the presence of an inward current causing an apparent decrease in F 2 . The first mechanism seems unlikely in view of the observation that the K 2 activation curve is not significantly shifted on the voltage axis after exposure to ouabain, DNP, or Li-substituted solution. The fourth mechanism, the presence of a new inward current, is suggested by the appearance of L, s in some fibers after depolarizations to levels-pf -60 mV or more positive and will be discussed in more detail below.
The second and third mechanisms seem to be reasonable possibilities based on the common inhibitory effect of ouabain, DNP, and Li + and choline substitution on the activity of the Na-K pump. 22 " 25 Inhibition of pump activity leads to a redistribution of intracellular ions so that Na + or a foreign cation accumulates within the fiber while [K + ], decreases. 26 The Na + , Li + , or choline that accumulates inside the fiber could alter the current carrying capacity of the I' 2 channels. This sort of mechanism has been demonstrated in previous experiments on other excitable tissues. 27 " 30 The decrease in [K + ], that accompanies accumulation of other intracellular cations may contribute to the reduction in I K2 . The order of magnitude of decrease in I K2 due to a reduction in [K + ]| can be estimated by calculating the reduction expected according to the independence principle. 31>32 Using values for the decrease in [K + ]i measured for canine Purkinje fibers exposed to ouabain (2 x 10~7 M) for 30 minutes 33 gives a predicted reduction in the relative amplitude of the l K2 activation curve to 0.79 of its control value of 1.00. The average experimentally determined decrease in the relative amplitude of the I K2 activation curve after exposure to ouabain was 0.51, based on the results of the 10 experiments summarized in Table 1 . This suggests that a reduction in the outward K + concentration gradient due to loss of [K" 1 "], may contribute significantly to the decrease in the amplitude of the I K2 activation curve. However, the average decrease in amplitude of the I K2 activation curve after exposure to ouabain is on the order of 30% greater than predicted by the independence principle; this suggests that the decrease in amplitude of the I Kz activation curve may not be due entirely to a decrease in [K + ]|.
The appearance of current noise and L, s in fibers exposed to ouabain are intriguing phenomena that presently lack an entirely satisfactory explanation. One possible sequence of events that might explain these findings could be as follows. Inhibition of the Na-K pump by ouabain results in an increase in [Na + ]|. An increase in [Na + ]i is known to stimulate a cardiac glycoside-insensitive Na-Ca exchange system 34 ' 33 and results in an increase in [Ca 2+ ]i. Phasic variations in unbound [Ca 2+ ]i might then cause fluctuation in the conductance properties of the I K , or some other channel. These fluctuations in conductances could produce the current noise characteristically recorded after exposure to ouabain (for a discussion of noise see Stevens 36 and Katz and Miledi 37 ). Depolarizing voltage clamp steps may in some way synchronize the process responsible for the current noise so that Io S is generated on repolarization. 1^ then disappears as the synchronizing effect of depolarization subsides.
In support of this kind of mechanism are the following observations: (1) I^ was not recorded in the absence of current noise. (2) I^ was not recorded on repolarization from hyperpolarizing clamp steps. (3) l^ did not occur in the presence of DNP, Li + , or choline presumably because [Na + ]i accumulation did not take place; however, other effects of these agents may have prevented the appearance of Io S by some other mechanism. (4) Oscillatory aftercontractions have been observed in cardiac muscle exposed to cardiac glycosides. 38 ' 39 Such oscillatory contractions presumably depend on some sort of phasic fluctuation in [Ca 2+ ]j which is required for contractile responses.
An additional possibility that must be considered as a cause of I, 1S is that the quality of voltage control is altered by exposure to ouabain. This possibility is suggested by recent evidence that shows an apparent electrical uncoupling of cardiac cells exposed to ouabain 40 and after intracellular injection of Na +41 and Ca 2+ . 42 We are presently engaged in a study of the effect of ouabain on the cable properties of sheep Purkinje fibers that will provide quantitative evidence bearing on this question. However, the following indirect evidence suggests that uncoupling of cells resulting in poor voltage control is probably not the cause of I^: (1) The frequency and magnitude of l,, s correspond appropriately to transient depolarization recorded from canine cardiac Purkinje fibers exposed to cardiac glycosides. 2~1 -6 Such transient depolarizations were reported to be synchronous at multiple recording sites separated by several length constants. 4 This observation makes uncoupling of cells an unlikely explanation for transient depolarizations and, therefore, indirectly for 1, 1S which is the presumed cause of these depolarizations. (2) 1^ was always accompanied by the presence of current noise suggesting a possible relation between these two phenomena; there is no apparent reason to expect that uncoupling should produce current noise. (3) I,, s was not recorded after hyperpolarizing clamps. In unacceptable experiments in which voltage control was inadequate the most frequent evidence of lack of control was a surge of rapid inward (probably I Na ) current on repolarization from a hyperpolarizing clamp. This is presumably the result of an uncontrolled anode break response. Therefore, we would anticipate that poor voltage control would be most likely to occur following hyperpolarizing clamps. However, I<, s was not recorded under such circumstances and this suggests that inadequate voltage control is an unlikely cause.
The results presented in this paper support the view that cardiac glycosides produce abnormal impulses by a mechanism separate from I K2 and involving I^.
